Purgert RJ, Lukasiewicz PD. Differential encoding of spatial information among retinal on cone bipolar cells.
PARALLEL PROCESSING, A KEY element of visual function (Wassle 2004; Masland 2012) , begins at the first retinal synapse, where numerous morphologic types of cone bipolar cells (CBCs), distinguished primarily by axon ramification depth within the inner plexiform layer (Ghosh et al. 2004; Wassle et al. 2009; Helmstaedter et al. 2013; Euler et al. 2014) , differentially encode visual information for relay to the inner retina. In this way, visual stimuli differing in color (S wavelength vs. L/M wavelength), luminance (light vs. dark), and timing (transient vs. sustained) are encoded by specific subpopulations of CBCs (Awatramani and Slaughter 2000; Wu et al. 2000; Breuninger et al. 2011) .
Whether there is a parallel representation of spatial information among CBCs remains an open question. CBCs encode spatial features of visual stimuli by way of their antagonistic center-surround receptive fields (Werblin and Dowling 1969) . Cone inputs mediate an excitatory center, while horizontal and amacrine cell inputs mediate an antagonistic, inhibitory surround (Vigh and Witkovsky 1999; Roska et al. 2000) . Anatomic studies defining CBC dendritic widths, packing densities, and cone contact patterns have furthered understanding of CBC receptive fields by allowing inference of receptive field center dimensions (Ghosh et al. 2004; Wassle et al. 2009; Breuninger et al. 2011) , so too have examinations of nonlinear subunits in ganglion cell receptive fields, which infer the center dimensions of CBC receptive fields (Demb et al. 1999; Schwartz et al. 2012) . Furthermore, recordings from CBCs in mammals (Berntson and Taylor 2000) and cold-blooded organisms (Asari and Meister 2014) have highlighted betweenspecies differences in receptive field center dimensions.
However, studies directly comparing ON CBCs, and examining the potential of parallel processing of spatial information among them, are few. Earlier studies suggest that encoding of spatial stimuli is similar among morphologic types of CBCs, namely ON and OFF CBCs, the morphologic types excited by light increments and decrements, respectively (Kaneko 1973; Schwartz 1974) . However, these comparisons were largely qualitative. Subsequent studies show that CBCs have different complements of inhibitory receptors (Euler and Wässle 1998; Eggers et al. 2007 ) and thus potentially different amacrine cell influences shaping their spatial stimulus encoding properties. Furthermore, it was recently found that one morphologic type of CBC had members that responded dissimilarly to spatial stimuli (Chen et al. 2014) , suggesting other differences in spatial stimulus encoding may be present more generally among CBCs.
We analyzed spatial processing and receptive field inputs among CBCs to address whether, and how, they encode differential spatial information. Focusing upon ON CBCs, we found that ON CBCs with axons ramifying in the central inner plexiform layer were tuned to preferentially encode small stimuli. By contrast, ON CBCs with axons ramifying in the proximal inner plexiform layer, nearest the ganglion cell layer, were tuned to encode both small and large stimuli. This dichotomy in spatial tuning was attributed to central ON CBCs having stronger amacrine cell input than proximal ON CBCs, leading to stronger inhibitory surrounds. We also found that bright light reduced the spatial tuning dichotomy as amacrine cell-driven surround inhibition became prevalent in all types of ON CBCs. Horizontal cell surround inputs did not underlie the spatial tuning dichotomy or its diminishment in bright light. These results suggest the parallel representation of spatial information among ON CBCs is attributable to amacrine cell input differentially shaping ON CBC receptive field surrounds.
MATERIALS AND METHODS
Animal protocols were approved by the Washington University School of Medicine Animal Studies Committee. All dissection and recording procedures, except where noted, were performed under infrared illumination to preserve retinal light sensitivity.
Preparation of retinal slices. Retinal slices were prepared using techniques similar to those previously described (Eggers and Lukasiewicz 2006a; Ichinose and Lukasiewicz 2012) . Male C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) 30 -60 days in age were dark-adapted overnight before experimentation and killed with carbon dioxide. Their eyes were enucleated and placed in oxygenated dissection buffer (see below) at room temperature. The cornea, lens, and vitreous humor were removed. The retina was isolated from the eyecup, and thick slices (400 m) were prepared to preserve lateral synaptic interactions (Cook et al. 1998) . Choroidal landmarks were used to orient the retina such that slices were obtained exclusively from the dorsal half (Wei et al. 2010) , which contains cones rich in M-opsin and preferentially sensitive to green light (Szel et al. 1992; Applebury et al. 2000; Haverkamp et al. 2005; Wang et al. 2011; Baden et al. 2013 ). Additionally, care was taken to obtain slices from a consistent retinal eccentricity, approximately 1.25 mm or 40°. Slices were stored in oxygenated dissection buffer until recording in a light-proof chamber at room temperature.
Whole cell patch-clamp recordings. Whole cell patch-clamp recordings were obtained from retinal slices as previously described (Eggers and Lukasiewicz 2006a; Ichinose and Lukasiewicz 2012) . Slices were superfused with extracellular recording solution (see below) maintained at 32°C using stage and inline heaters (Cell MicroControls, Norfolk, VA). Micropipettes with resistance Ͻ5 M⍀ were pulled from borosilicate glass (1B150F-4; World Precision Instruments, Sarasota, FL) on a P97 Flaming/Brown puller (Sutter Instrument, Novato, CA) and filled with intracellular solution (see below). Liquid junction potentials were corrected at the beginning of each recording. Axopatch 200A and B amplifiers (Molecular Devices, Sunnyvale, CA) were used to sample and filter signals. A Micro 1401 mk II data acquisition unit (Cambridge Electronic Design, Cambridge, UK) was used to digitize and record data onto a personal computer, as well as generate voltage and current commands via Signal 4.0 software (Cambridge Electronic Design). Light-evoked postsynaptic potentials (L-PSPs) were recorded from cells current clamped at 0 pA. Light-evoked excitatory postsynaptic currents (L-EPSCs) were recorded from cells voltage clamped at Ϫ60 mV, the chloride reversal potential (E Cl ) for the intracellular and extracellular solution combination used in all experiments. Light-evoked inhibitory postsynaptic currents (L-IPSCs) were recorded from cells voltage clamped at 0 mV, the reversal potential for currents derived from nonselective cation channels (E cation ). All signals were sampled at 10 kHz. LEPSCs and L-IPSCs were filtered at 2 kHz with the amplifier's four-pole, low-pass Bessel filter. L-PSPs were filtered at 10 kHz to preserve high-frequency components of the voltage response. In all cases, responses were stable with minimal run down.
Solutions. Unless otherwise indicated, all chemicals were obtained from Sigma-Aldrich (St. Louis, MO). The dissection buffer contained the following (in mM): 137 NaCl, 2.5 KCl, 1 MgCl 2 , 2.5 CaCl 2 , 28 glucose, and 10 HEPES; was adjusted to pH 7.4 with NaOH; and was bubbled with 100% O 2 . The extracellular recording solution consisted of Ames medium (United States Biological, Swampscott, MA) supplemented with 26 mM NaHCO 3 and 20 mM sucrose, adjusted to pH 7.4 with NaOH, and bubbled with 95% O 2 -5% CO 2 . For currentclamp recordings, the intracellular solution contained the following (in mM) 125 K-gluconate, 10 NaCl, 1 MgCl 2 , 10 EGTA, 5 HEPES, 5 Na-ATP, and 0.1 Na-GTP and was adjusted to pH 7.2 with KOH. For voltage-clamp recordings, the intracellular solution contained (in mM) 125 Cs-gluconate, 10 NaCl, 1 MgCl 2 , 10 EGTA, 5 HEPES, 5 Na-ATP, and 0.1 Na-GTP and was adjusted to pH 7.2 with CsOH. In some experiments, 75 M GTP␥S, a slowly hydrolysable form of GTP, were included in the pipette to constitutively activate mGluR6-associated G i proteins within ON CBCs (Sampath and Rieke 2004) . In other experiments, ganglion cells were recorded, and 5 mM lidocaine N-ethyl bromide (QX-314) were included in the pipette to block voltage-gated Na conductances (van Wyk et al. 2006 (van Wyk et al. , 2009 .
Visual stimuli. Visual stimulation was accomplished by displaying images on an SVGAϩ Rev2 OLED-XL microdisplay (eMagin, Bellevue, WA), projecting them through the camera port of an Eclipse FN1 microscope (Nikon, Tokyo, Japan), and focusing them onto the retinal preparation through a ϫ10 water immersion objective. Both the microdisplay and the data acquisition unit were driven by MATLAB software (MathWorks, Natick, MA) to allow for time locking of visual stimuli and recorded responses. Drifting sinusoidal grating stimuli as well as full-field, nonpatterned stimuli were employed, each having a peak wavelength at 505 nm to efficiently stimulate cone M-opsin (Sun et al. 1997 ) and a rod-saturating mean luminance of either 14,500 or 83,500 photons 1 ·m Ϫ2 ·s Ϫ1 (Mendez et al. 2001; Makino et al. 2004) . These luminance values correspond to 2,320 and 13,360 R*cone Ϫ1 ·s Ϫ1 , respectively, calculated from R*cone Ϫ1 ·s Ϫ1 ϭ F ϫ (A pupil /A retina ) ϫ ϫ a c (Lyubarsky et al. 2004; Naarendorp et al. 2010) , where F is photon flux; A pupil /A retina is the ratio of pupillary and retinal areas, equal to 1 in ex vivo preparations (Vinberg et al. 2014) ; is the transmissibility of the medium, equal to 1 in the slice preparation as light directly strikes surface photoreceptors without traversing the thickness of the neural retina; and a c is the end-on collecting area, equal to 0.16 m 2 for cones in the slice preparation as incident light strikes perpendicularly rather than axially (Sakurai et al. 2011) .
Drifting sinusoidal gratings have a well-described utility in the study of receptive fields, as they preserve the preparation's state of light adaptation and do not require a priori centering upon recorded cells' receptive fields (Enroth-Cugell et al. 1983; Enroth-Cugell and Robson 1984; Dacey et al. 2000) . Gratings had the following characteristics: 1) a duration of 7 s; 2) a Michelson contrast of 25%, defined as (L max Ϫ L min )/(L max ϩ L min ); and 3) a temporal frequency of 1, 2, 3, or 4 Hz, optimized for each cell by beginning recordings with presentation of a 1 cycle/250 m test grating at these frequencies to determine preference; these frequencies were chosen because they are largely representative of temporal preferences observed in ON CBCs (Molnar and Werblin 2007; Ichinose et al. 2014 ) and have been used previously (Dacey et al. 2000) . The general protocol of light stimulation involved presentation of a full-field, nonpatterned background light for 5 min to promote a steady state of retinal light adaptation, followed by presentation of one or more sinusoidal gratings at the same mean luminance. An 11-s interstimulus interval separated consecutive gratings, during which time stimulation reverted to the full-field background. In some experiments, multiple repetitions of this general background ϩ grating protocol were delivered, often with methodical changes in holding potential, mean luminance, or pharmacologic treatment between repetitions. To obtain spatial responses within reasonable recording durations, we presented three gratings that varied in spatial frequency: 1 cycle/1,300 m, 1 cycle/250 m, and 1 cycle/70 m, representing "low," "medium," and "high," spatial frequencies, respectively. In addition, responses were recorded with 10 spatial frequencies to obtain higher resolution spatial response data (Fig. 1E) to confirm that the three aforementioned frequencies captured the entire ON-CBC spatial response profile. For experiments testing stability of responses, gratings were of a consistent 1 cycle/250 m spatial frequency.
Pharmacology. Unless otherwise indicated, all chemicals were obtained from Sigma-Aldrich (St. Louis, MO). The following drugs were bath applied via gravity-driven superfusion: 20 mM HEPES to block horizontal cell inhibition (Hirasawa and Kaneko 2003; Cadetti and Thoreson 2006; Fahrenfort et al. 2009 ); 0.5 M strychnine to block glycine receptors; 50 M bicuculline to block GABA A receptors (Enzo Life Sciences, Farmingdale, NY); 50 M (1,2,5,6-tetrahydropyridin-4-yl)methylphosphinic acid (TPMPA) to block GABA C receptors; 30 M 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) to block AMPA/kainate glutamate receptors (Tocris, Ellisville, MO); and 20 M (2S)-2-amino-4-phosphonobutanoic acid (L-AP4) to activate mGluR6 receptors (Slaughter and Miller 1981) (Tocris, Ellisville, MO) . Applications were 5 min long for all drugs; washes were 5 min for all drugs except CNQX, which required 10 min washes. The following drugs were focally puffed onto ON CBC axon terminals via a Picospritzer II micro-dispense system (General Valve, Fairfield, NJ): 300 M meclofenamic acid to block gap junctions (Harks et al. 2001; Trenholm et al. 2012) ; and a GABAR/GlyR antagonist cocktail of 150 M bicuculline, 150 M TPMPA, and 1.5 M strychnine. Concentrations of these drugs were approximately threefold higher than commonly used for bath application (Eggers et al. 2007; Menzler and Zeck 2011) to account for dilution caused by puffing into the flowing extracellular recording solution. Puffs were delivered at 1 Hz in the 8 s before a sinusoidal grating's onset; washes were 5 min long. Slices were positioned so that flow of the extracellular recording solution carried puffed drugs toward the ganglion cell layer, impeding diffusion to the outer retina to minimize off-target effects. All drugs were used at concentrations small enough to be added directly to the extracellular recording solution without disrupting its osmolarity, except 20 mM HEPES, for which the 20 mM sucrose normally present in the extracellular recording solution were excluded. The use of sucrose to maintain osmotic stability has been described previously and does not alter light responses (Davenport et al. 2008) .
Morphological identification of recorded cells. Sulforhodamine B (0.001%) dissolved in the intracellular solution was used to identify cells at the conclusion of recording as previously described (Eggers and Lukasiewicz 2006a; Ichinose and Lukasiewicz 2012) . Morphology and ramification depth of processes within the inner plexiform layer allowed identification of ON ganglion cells, rod bipolar cells, and ON CBCs, some of the latter of which were further classified as either type 5, 6, 7, 8, or XBC bipolar cells (Nelson et al. 1978; Ghosh et al. 2004; Wassle et al. 2009; Helmstaedter et al. 2013) . The inner plexiform layer ramification depth of processes was quantified using a CoolSNAP ES 2 CCD camera (Photometrics, Tucson, AZ) and Image-Pro Plus software (Media Cybernetics, Silver Spring, MD) to capture epifluorescence and bright-field photomicrograph pairs at two to five focal planes, approximately evenly spaced. Each pair was then superimposed in Adobe Photoshop 10.0 (Adobe Systems, San Jose, CA) to create an elementary z-stack capturing the full extent of cells' dendritic and axonal arbors. Ramification depth of processes in the inner plexiform layer was measured in a manner similar to that previously reported (Sherry and Yazulla 1993; Wu et al. 2000; Molnar and Werblin 2007) . Specifically, the distal and proximal boundaries of the inner plexiform layer were readily determined using somas of the ). B and C: representative ON CBCs with axons ramifying in the central (B) and proximal (C) inner plexiform layer that displayed light-evoked postsynaptic potentials (L-PSPs) that were and were not suppressed, respectively, at low relative to medium spatial frequencies. Bar graphs of responses are normalized to the medium spatial frequency condition, with corresponding raw traces beneath. Spatial frequencies, here and below, were 1 cycle/1,300 m ("low"), 1 cycle/250 m ("medium"), and 1 cycle/70 m ("high"). Scale bar ϭ 25 m. D: ON CBC light-evoked excitatory postsynaptic currents (L-EPSCs) evoked by repeated stimulation with a 1 cycle/250 m sinusoidal grating over four 10-trial blocks. Blocks were preceded by 5-min periods of background light (line breaks in x-axis). Responses displayed stability over time, as evidenced by lack of trial, block, or trial ϫ block effect (P Ͼ 0.05 for all, n ϭ 3, repeated measures ANOVA). Normalization was to the average amplitude across all trials for each cell. Open circles correspond to data points from individual cells. Solid lines and vertical ticks represent the average and SE, respectively. E: stimulation of some ON CBCs (n ϭ 9) with a variety of sinusoidal gratings demonstrated that the subset of spatial frequencies used in the previous analyses (arrowheads) accurately captured the spatial response properties of ON CBCs. L-PSP amplitudes were normalized to the maximum observed amplitude, for each cell. The average, unnormalized maximum amplitude across all cells was 3.19 Ϯ 0.32 mV. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.
inner nuclear layer and ganglion cell layer as landmarks, respectively. Ramification depth was determined as the distance from the distal inner plexiform layer edge to the center of the process arbor, defined as the midpoint between its most distal and proximal branches, and normalized to the total inner plexiform layer thickness. This was repeated for all z-stack elements of a given cell, and the depth measurements averaged.
Data analysis. Peak-to-peak amplitudes of L-PSPs and L-EPSCs were quantified from the magnitudes of their Fourier-transformed signals at the fundamental stimulation frequency. L-IPSCs recorded from ON CBCs had complex shapes that could not be accurately quantified this way; they were in fact determined to be the superposition of an electrical coupling signal from neighbor ON CBCs and amacrine cell inhibitory signals, which can be modeled as sinusoid and half-rectified sawtooth waves, respectively (see below). A sinusoid ϩ half-rectified sawtooth summation wave was therefore used to perform a least-squares fit of the data so the amplitude of coupling and amacrine cell components in the original signal could be determined. The summation wave fit to the data was constrained as follows: 1) sinusoid and sawtooth shared a common horizontal axis; 2) sinusoid had symmetric deviations about the horizontal axis to emulate gradedpotential signaling from coupled ON CBCs; 3) sawtooth was halfrectified with only positive deviations about the horizontal axis to emulate action-potential-driven signaling from amacrine cells; 4) sawtooth had a duty cycle in the range [25-50%] to mimic pre-and/or postsynaptic desensitization kinetics commonly observed in amacrine cell signals recorded from bipolar cells (Eggers and Lukasiewicz 2006b; Vickers et al. 2012 ); and 5) sinusoid and sawtooth had a phase offset in the range [160 -200°] to reflect the antiphase character of inhibitory amacrine signals and excitatory coupling signals. MATLAB software was used to conduct amplitude calculations in all cases, with the first 2 s of each 7-s sinusoidal grating excluded from analysis to limit variability caused by potential contrast adaptation effects (Rieke 2001; Breuninger et al. 2011) .
For some analyses, a suppression index was calculated, defined as (A med Ϫ A low )/A med , where A low and A med are L-PSP amplitudes evoked by low and medium spatial frequency gratings, respectively. Positive values indicate a decreased response for low relative to medium spatial frequency gratings, i.e., suppression, attributable to greater surround antagonism. Negative values indicate an increased response for low relative to medium spatial frequency gratings, i.e., enhancement, attributable to no, or weak, surround antagonism.
Some data were fit with a difference-of-Gaussians model to estimate the sizes and strengths of ON CBC centers and surrounds. The details of this method have been extensively described (Enroth-Cugell and Robson 1966; Enroth-Cugell et al. 1983; Dacey et al. 2000; Davenport et al. 2008) . Briefly, center and surround were modeled as Gaussian curves whose difference was fit to the amplitude and phase of recorded data. The fit determined the amplitude, radius, and phase of center and surround Gaussians. The integrated area of the best-fit center and surround Gaussians determined overall center and surround strengths, respectively. Statistical comparison of two or more between-cell means was accomplished with independent sample t-tests and ANOVA followed by Tukey's method of post hoc testing, respectively. Statistical comparison of two or more within-cell means was accomplished with dependent sample t-tests and repeated-measures ANOVA followed by Tukey's method of post hoc testing, respectively. SPSS software (IBM, Armonk, NY) was employed to perform all statistical comparisons. Differences were considered significant for P Ͻ 0.05. Average data are reported as means Ϯ SE, unless otherwise indicated.
RESULTS
The retina encodes elemental features of visual scenes. The morphologically diverse population of CBCs (Ghosh et al. 2004; Wassle et al. 2009; Helmstaedter et al. 2013 ) provides the substrate for this to occur, with cells processing distinct visual features in parallel (Wassle 2004; Masland 2012) . Few studies have directly examined whether spatial visual features are processed in parallel by CBCs. Center and surround receptive field organization contributes to spatial processing by bipolar cells (Werblin and Dowling 1969; Kaneko 1973; Schwartz 1974) , however, it is unknown what the contributions of horizontal and/or amacrine cells are to the surround input CBCs receive. To address these issues, we assessed the spatial encoding properties of CBCs, focusing upon ON CBCs.
ON CBCs display disparate patterns of spatial frequency encoding. We assessed the spatial tuning of ON CBCs using drifting sinusoidal grating stimuli that differed in spatial frequency, a method whose theoretical and practical utility has been well described (see MATERIALS AND METHODS). Specifically, three drifting sinusoidal gratings (Fig. 1A) were used to stimulate current clamped ON CBCs, evoking sinusoidal postsynaptic potentials with amplitudes quantifiable by Fourier methods. Spatial frequencies were chosen, based on previous studies, to efficiently span the full extent of ON CBC receptive fields: 1 cycle/70 m ("high" spatial frequency) to minimally stimulate center, 1 cycle/250 m ("medium" spatial frequency) to maximally stimulate center, and 1 cycle/1,300 m ("low" spatial frequency) to stimulate center ϩ surround (Dacey et al. 2000) . Mean luminance of the drifting sinusoidal gratings was 14,500 photons 1 ·m Ϫ2 ·s Ϫ1 (2,320 R*cone Ϫ1 ·s Ϫ1 ). Temporal frequency of the gratings remained constant and was optimized for each cell.
ON CBCs exhibited two patterns of spatial frequency encoding that differed based on axon ramification depth. Specifically, ON CBCs with axons ramifying in the central inner plexiform layer often displayed suppressed responses at low spatial frequencies that stimulated center ϩ surround, relative to medium spatial frequencies that stimulated center only (Fig.  1B) . That is, they were tuned to encode medium spatial frequencies. By contrast, ON CBCs with axons ramifying in the proximal inner plexiform layer, nearest the ganglion cell layer, had responses displaying no suppression at low spatial frequencies (Fig. 1C) . That is, they were tuned to encode both medium and low spatial frequencies.
Because we used light stimuli that had 25% contrast (see MATERIALS AND METHODS), ON CBC light responses were generally smaller than previous reports (Dacey et al. 2000 ) that used 100% contrast stimuli. We chose low contrast stimuli because they more closely mimic the low contrasts common to natural scenes (Burkhardt et al. 2006; Frazor and Geisler 2006) . Indeed, we found 100% contrast light steps to produce responses as large as in previous reports (data not shown), suggesting low contrast stimuli, not poor preparation quality, produced the small responses. We also found that our "high" spatial frequency stimulus (1 cycle/70 m) elicited only minimal responses, despite being large enough to fill the dendritic breadth (Ghosh et al. 2004; Wassle et al. 2009 ) of ON CBCs. Other studies employing grating stimuli have observed similar results (Dacey et al. 2000) . However, reports employing light spots or bars observe more optimal responses, in better agreement with ON CBC dendrite dimensions (Berntson and Taylor 2000; Schwartz et al. 2012) . Why sinusoidal gratings and spots/bars should produce different results remains unclear, but it does not seem related to the grating's motion (Chan et al. 1992) . It is possible that the sinusoidal grating luminance profile has a narrowed effective width because intensity rolls off over the course of the cycle.
The dichotomous pattern of responses among ON CBCs was not due to systematic run-up or run-down of responses over the course of the experiment. In ON CBCs voltage clamped at the chloride reversal potential, E Cl , to record excitatory postsynaptic currents, a sensitive gauge of these effects, there was no change in response over a time course many-fold longer than that used in the above experiments ( Fig. 1D , P Ͼ 0.05, n ϭ 3, repeated-measures ANOVA).
The results were also not a product of rod photoreceptor signals spilling into recorded ON CBCs via the rod bipolar-AII amacrine-CBC primary rod pathway (Strettoi et al. 1992 (Strettoi et al. , 1994 . Light-evoked, excitatory currents recorded from rod bipolar cells were eliminated well within the 5 min adapting background light preceding ON CBC data acquisition (see MATERIALS AND METHODS), dropping from 32.99 Ϯ 11.13 pA before background light onset to 0.08 Ϯ 0.11 pA 2.5 min after background light onset (n ϭ 4, data not shown).
Results were also not due to the three examined spatial frequencies inaccurately reflecting the spatial response properties of ON CBCs. This seemed unlikely given previous studies (Dacey et al. 2000) . Nevertheless, this possibility was examined by stimulating with 10 spatial frequencies to obtain higher resolution spatial response data (Fig. 1E ). This revealed that indeed the three selected spatial frequencies accurately captured all parts of cells' spatial response profiles: upstroke, peak, and suppression (or lack thereof). The higher resolution data also provided preliminary insight into the mechanism of differential spatial frequency encoding among ON CBCs. Specifically, center and surround were modeled as Gaussian curves whose difference was fitted to the data, allowing estimation of their dimensions and strengths (Enroth-Cugell and Robson 1966; Enroth-Cugell et al. 1983; Dacey et al. 2000; Davenport et al. 2008) . Cells had generally similar center strengths (1.02 Ϯ 0.03 arbitrary units, range [0.91-1.22]) but varied considerably in their surround strengths (0.48 Ϯ 0.13 arbitrary units, range [0.13-1.16]), from weak to strong, suggesting a variety of spatial frequency tunings.
Overall, the results suggested ON CBCs displayed disparate patterns of spatial frequency encoding dependent on axon ramification depth within the inner plexiform layer.
ON CBCs have spatial frequency encoding properties that correlate with axon ramification depth. We next sought to determine whether the difference in spatial frequency encoding among ON CBCs indeed related to axon ramification depth. To do so, ON CBC suppression indexes (1 indicating strong suppression at low relative to medium spatial frequency stimulation, see MATERIALS AND METHODS) were plotted vs. axon ramification depth ( Fig. 2A ). This revealed a negative correlation between suppression index and axon ramification depth (Pearson's r ϭ Ϫ0.585, P ϭ 0.003, n ϭ 23). That is, ON CBCs with axon terminals located centrally in the inner plexiform layer were strongly suppressed at low spatial frequencies, while ON CBCs with axon terminals located proximally in the inner plexiform layer were weakly suppressed at low spatial frequencies. We determined that dividing cells into two groups based on ramification depth would promote quantification of ON CBC spatial encoding differences in this and future experiments. Specifically, cells with ramification depths Ͻ0.65, the observed midpoint of ramification depth, were classified as "central," and those with depths Ͼ0.65 were classified as "proximal" (Fig. 2A , dark and light gray, respectively). Summary data for the two groups demonstrate that central ON CBCs are indeed suppressed more by low spatial frequency stimuli than proximal ON CBCs (Fig. 2B) .
We attempted to relate the two groups to the known morphologic types of ON CBCs (Ghosh et al. 2004; Wassle et al. 2009; Helmstaedter et al. 2013; Euler et al. 2014 ) by classifying cells based on axon terminal morphology and stratification depth within the inner plexiform layer. The central ON CBC group was comprised of type 5 (n ϭ 10) and XBC (n ϭ 2) bipolar cells. There are multiple kinds of type 5 bipolar cells in mouse retina (Euler et al. 2014) , but these could not be distinguished here. The proximal ON CBC group was comprised of type 6 (n ϭ 2), type 7 (n ϭ 8), and type 8 (n ϭ 1) bipolar cells. While informative, insufficient numbers of each cell type prevented analysis by morphologic type, and all analyses are thus presented in terms of central and proximal ON CBC groupings. suppression index was negatively correlated with axon ramification depth in ON CBCs (Pearson's r ϭ Ϫ0.585, P ϭ 0.003, n ϭ 23). ON CBCs with ramification depths less than 0.65, the observed midpoint of ramification depth, were classified as "central" (dark gray, n ϭ 12), and those with depths greater than 0.65 were classified as "proximal" (light gray, n ϭ 11). The x-axis break represents the inner IPL OFF sublamina where no ON CBC axons ramified. B: low spatial frequency responses in central ON CBCs were reduced relative to that of proximal ON CBCs (P ϭ 0.0000008, Tukey's post hoc test) and relative to medium spatial frequency responses (P ϭ 0.00037, Tukey's post hoc test). Amplitudes were normalized to those of the medium spatial frequency condition, whose average, unnormalized value for central and proximal cells was 3.27 Ϯ 0.52 and 2.70 Ϯ 0.37 mV, respectively. Open circles correspond to individual CBCs that ramified in central (n ϭ 12) and proximal (n ϭ 11) IPL. ****P Ͻ 0.001.
Overall, ON CBCs ramifying at different inner plexiform layer depths had divergent spatial encoding properties. We looked next for differences in cone, horizontal cell, and amacrine cell input to central and proximal ON CBCs that could explain this dichotomy.
Horizontal cell and cone inputs are similar in central and proximal ON CBCs and do not underlie divergent spatial frequency encoding. Given that the medium-wavelength-sensitive ON CBCs receive input almost exclusively from a single, M-opsin expressing, class of cone (Applebury et al. 2000; Haverkamp et al. 2005; Breuninger et al. 2011; Wang et al. 2011 ) and a single class of horizontal cell (Peichl and Gonzalez-Soriano 1994) at common invaginating synapses (Vardi and Morigiwa 1997) , it seemed unlikely that the divergent spatial frequency encoding observed in central and proximal ON CBCs was attributable to differential input at the outer plexiform layer. Instead, distinct amacrine cell inputs were a more likely origin. To confirm this notion, outer plexiform inputs were examined in central and proximal ON CBCs.
ON CBCs were voltage clamped at E Cl to null chloridemediated amacrine cell input and isolate outer retinal input. Excitatory currents were recorded as ON CBCs were stimulated with sinusoidal gratings in the presence and absence of HEPES. The HEPES-sensitive current, obtained by subtracting data from the two conditions, represented input from horizontal cells. This is because HEPES blocks horizontal cells' influence upon ON CBCs, which occurs primarily through protonic and ephaptic modulation of calcium channels on cones inputting to ON CBCs, rather than direct synaptic transmission (Hirasawa and Kaneko 2003; Cadetti and Thoreson 2006; Fahrenfort et al. 2009; Vroman et al. 2014) . Parameters of the sinusoidal gratings were identical to those described previously, having mean luminance of 14,500 photons 1 · m Ϫ2 ·s Ϫ1 (2,320 R*cone Ϫ1 ·s Ϫ1 ). Horizontal cell input was minimal and not significantly different between central and proximal cells (Fig. 3 , P Ͼ 0.05, Tukey's post hoc test). This result is consistent with findings under similar light conditions that horizontal cells exert little influence upon ganglion cells, and by implication, the CBCs that transfer their signals from outer to inner retina (Cook and McReynolds 1998; Taylor 1999; Ichinose and Lukasiewicz 2005) . Cone input also did not differ among central and proximal cells, isolated when horizontal cell input was blocked by HEPES ( Fig. 3 , P Ͼ 0.05, Tukey's post hoc test).
Since the outer plexiform inputs were similar among central and proximal ON CBCs, we next examined amacrine cell input as a source of their divergent spatial responses.
Measurement of amacrine cell input to ON CBCs is obscured by another input. Amacrine cell input to central and proximal ON CBCs was probed for differences that might explain the observed dichotomy in spatial tuning. This was accomplished by voltage clamping ON CBCs at the reversal potential for nonselective cation channels, E cation , to eliminate both cone and horizontal cell inputs and isolate Cl-driven inhibitory postsynaptic currents from amacrine cells synapsing upon ON CBC axon terminals (Euler and Masland 2000) . Unexpectedly, recordings appeared as the superposition of two signals (Fig. 4A) . One signal was rectified and displayed characteristics canonical of amacrine-cell-driven inhibitory currents, such as predominance under surround-activating low spatial frequency stimulation and emergence when the light increment part of the sinusoidal grating cycle was incident on the recorded cell and its receptive field surround. The other, unexpected, signal was sinusoidal in nature, prominent even at medium spatial frequencies, and antiphase to canonical amacrine cell-driven inhibitory currents, with outward current occurring when the light decrement part of the sinusoidal grating cycle passed over the recorded cell.
A series of experiments were undertaken to determine the origin of this antiphase signal and ultimately allow amacrine cell input to be isolated and assessed as a potential basis for divergent spatial frequency encoding among central and proximal ON CBCs. Medium spatial frequency stimulation was used so the antiphase signal's sinusoidal nature could be readily isolated and quantified via Fourier methods. Stimuli again had a mean luminance of 14,500 photons 1 ·m Ϫ2 ·s
Ϫ1
(2,320 R*cone Ϫ1 ·s Ϫ1 ). Antiphase input was not mediated by the OFF pathway or ionotropic glutamatergic transmission. Electrical transmission from neighboring ON CBCs seemed the most plausible source of the antiphase signal, since ON CBCs are known to couple to each other both directly (Mills 1999 ) and indirectly via AII amacrine cell intermediates (Feigenspan et al. 2001; Maxeiner et al. 2005; Dedek et al. 2006) . The coupled signal would indeed be antiphase to canonical light-driven inhibitory, outward currents mediated by amacrine cells: inward current would occur during light parts of the sinusoidal grating, as light depolarized the coupled network, and outward current would occur during the dark parts of the sinusoidal grating, as darkness hyperpolarized the coupled network.
Although we suspected electrical coupling as the source of the antiphase signal, we first sought to rule out OFF CBCdriven glycinergic crossover inhibition to ON CBCs as its basis (Molnar and Werblin 2007; Molnar et al. 2009 ). Such a signal would indeed produce outward current during the dark part of the sinusoidal grating cycle as observed. Bath application of 0.5 M strychnine to block any glycine receptors present on ON CBCs did not abolish the antiphase signal, ruling out glycinergic crossover inhibition as its origin (Fig. 4B) .
To further support this notion, the experiment was repeated using an alternative method of crossover inhibition blockade. Namely, 30 M CNQX were used to block AMPA/kainate Fig. 4 . Superposition of light-evoked inhibitory postsynaptic currents (L-IPSCs) and electrical coupling signals. A: ON CBCs were voltage clamped at E cation and presented with low, medium, and high spatial frequency stimulation. L-IPSCs (gray portions of trace) were observed as light increment parts of the grating cycle (white bars) passed over the recorded cell and were diminished or absent at medium and high spatial frequency stimulation. An antiphase sinusoidal signal was observed at low and medium spatial frequency stimulation as light decrement parts of the grating cycle (black bars) passed over the recorded cell. B: 0.5 M strychnine did not eliminate the antiphase signal, suggesting glycinergic crossover inhibition was not involved. The average unnormalized amplitude was 2.83 Ϯ 0.14 pA (n ϭ 3). C: 30 M 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) did not eliminate, but enhanced, the antiphase signal, suggesting OFF CBC-driven glycinergic crossover inhibition was not its source. The average unnormalized amplitude was 5.27 Ϯ 0.54 pA (n ϭ 4). D: 20 M L-AP4 significantly reduced the antiphase signal, consistent with its source being electrical coupling from neighboring ON CBCs. The average, unnormalized amplitude was 4.82 Ϯ 0.91 pA (n ϭ 3). E: 300 M meclofenamic acid puffed onto CBC axon terminals significantly reduced signals at E cation but not E Cl , suggesting electrical coupling from nearby ON CBCs was the source of the antiphase signal at E cation but not L-EPSCs at E Cl. The average, unnormalized amplitude was 3.70 Ϯ 1.57 and 3.22 Ϯ 0.91 pA in the E cation and E Cl conditions, respectively. E cation and E Cl experiments were performed in the same cells (n ϭ 4), beginning with the E cation condition where puffs were delivered before each sinusoid until either responses abolished or 10 sinusoids were delivered (ϳ5 min, see MATERIALS AND METHODS), and then repeated in the E Cl condition with the same protocol. For B-E: open circles correspond to individual cells. Sample traces for control, drug, and wash conditions appear below corresponding regions of summary bar graphs. *P Ͻ 0.05. ***P Ͻ 0.005. glutamate receptors on OFF CBCs and amacrine cells, eliminating the excitatory drive underlying crossover inhibition (Fig. 4C) . Again the antiphase signal persisted and was in fact significantly increased relative to control (P ϭ 0.027, n ϭ 4, Tukey's post hoc test). This result not only definitively ruled out crossover inhibition as the origin of the antiphase signal, it also ruled out an origin related to glutamatergic signaling at AMPA/kainate receptors. We next examined whether electrical transmission from neighboring ON CBCs was the source of the antiphase signal.
Antiphase input was mediated by electrical coupling from nearby ON CBCs. To test the hypothesis that the antiphase signal originated from ON CBCs coupled to recorded cells, we pharmacologically blocked elements of the coupling circuitry. First, we blocked excitatory drive to coupled ON CBCs by applying the selective agonist L-AP4 (20 M) (Slaughter and Miller 1981), which tonically activates their mGluR6 glutamate receptors and makes them unresponsive to glutamatergic signaling from photoreceptors (Fig. 4D) . The antiphase signal was significantly reduced relative to control (P ϭ 0.016, n ϭ 3, Tukey's post hoc test), consistent with ON CBC electrical coupling being its source.
Next, we focally puffed the gap junction antagonist meclofenamic acid (300 M) onto the axon terminals of recorded ON CBCs to block any electrical coupling they received (Fig. 4E ) (Harks et al. 2001; Menzler and Zeck 2011; Trenholm et al. 2012) . Focal, inner retinal puffs were used because bathapplied meclofenamic acid negatively affected outer retinal function, perhaps by blocking coupling between photoreceptors O'Brien et al. 2012 ) and obscuring its effects on inner retinal coupling (data not shown). The meclofenamic acid puffs produced a significant reduction in the antiphase signal relative to control (P ϭ 0.002, n ϭ 4, Tukey's post hoc test), suggesting it was indeed driven by electrical transmission from neighboring ON CBCs.
To determine whether excitatory currents measured in previous experiments were derived from cones, as presumed (see Fig. 3 ), or in fact, from electrically coupled neighbor ON CBCs, we repeated the above procedure at E Cl within the same population of cells. Meclofenamic acid produced a nonsignificant (P ϭ 0.71, n ϭ 4, Tukey's post hoc test) signal reduction of 9.3 Ϯ 6.7% relative to control conditions (Fig. 4E) , indicating signals measured at E Cl were derived chiefly from cones. Further confirmation of this result came from direct comparison of the raw, unnormalized signal amplitudes measured in meclofenamic acid. Specifically, it was found that the signal evoked by the receptive-field-center-stimulating, medium spatial frequency grating was significantly larger at E Cl than E cation (2.83 Ϯ 0.71 vs. 0.83 Ϯ 0.47 pA, P ϭ 0.047, n ϭ 4, Tukey's post hoc test), with the latter being itself not significantly different from 0 (P Ͼ 0.05, n ϭ 4, t-test). Thus, when gap junctions were blocked with meclofenamic acid, there existed a signal that reversed at E cation , the most likely source being cone-to-bipolar transmission. Final confirmation of cone-tobipolar transmission was obtained by recording ON CBCs with patch pipettes containing 75 M GTP␥S, a slowly hydrolysable form of GTP (Sampath and Rieke 2004) . The purpose of this manipulation was to reduce mGluR6-dependent cone input to ON CBCs by constitutively activating mGluR6-associated G i proteins within ON CBCs. Excitatory currents recorded 1 min after whole cell access was obtained saw a 65.2 Ϯ 7.3% reduction in amplitude at 3 min as GTP␥S equilibrated within the cell, supporting the notion that cone input was indeed the source of ON CBC excitatory currents (3.28 Ϯ 1.05 vs. 1.33 Ϯ 0.58 pA, P ϭ 0.029, n ϭ 4, paired t-test, data not shown).
Taken together, these results suggested three things: first, that electrical coupling from neighbor ON CBCs gave rise to the antiphase signal observed at E cation ; second, that the signals measured at E Cl were cone derived; third, that the magnitude of coupling observed depended on the membrane potential of recorded ON CBCs (Fig. 4E) , a result consistent with prior reports (Barrio et al. 1997) .
To continue toward the goal of assessing amacrine cell input as a potential basis for the divergent spatial frequency encoding seen in central and proximal ON CBCs, a method was needed of isolating amacrine cell signals from the described coupling signals in the E cation recording condition.
Fitting raw signals with a model waveform allows isolation of amacrine cell input. To accurately measure amacrine cell input to ON CBCs, it was necessary to isolate the amacrine cell component from the coupling component in raw signals recorded at E cation . We used a computational fitting approach to achieve this, in which coupling input and amacrine cell input were mathematically modeled as sinusoidal and half-rectified sawtooth waveforms, respectively. The sinusoid waveform was chosen to represent coupling signals since they appear as sinusoids when viewed in isolation (Fig. 5A, CNQX trace) . The sawtooth waveform was chosen to model amacrine cell inhibitory currents since they appear as half-rectified sawtooths when examined in isolation, a phenomenon consistent with other reports and likely due to their action-potential-driven nature combined with pre-and/or postsynaptic desensitization (Fig. 5A , subtraction trace) (Eggers and Lukasiewicz 2006b; Vickers et al. 2012) . The amplitudes of the sinusoid and sawtooth waveforms that best fit the raw data when summed were taken to be the magnitude of coupling and amacrine cell input, respectively (see MATERIALS AND METHODS) .
The viability of modeling signals at E cation as the sum of sinusoidal and sawtooth waveforms was demonstrated by its ability to fit data with varying proportions of amacrine cell and coupling character (Fig. 5B) . At one extreme, it could fit data with a dominant amacrine cell component, as evidenced by its Fourier spectrum comprising the multiple harmonic peaks characteristic of a sawtooth wave. At the other extreme, it could fit data with a dominant coupling component, as evidenced by its Fourier spectrum comprising the strong fundamental peak characteristic of a simple sinusoid. An approach for analyzing the amacrine cell, and indeed electrical coupling, component of signals at E cation was thus established.
Amacrine cell input underlies divergent spatial responses of central and proximal ON CBCs. With this method of analysis in place, amacrine cell and electrical coupling input could be isolated and assessed as potential bases for divergent spatial frequency encoding among ON CBCs. Central (n ϭ 20) and proximal (n ϭ 15) ON CBCs were voltage clamped at E cation and stimulated as in prior experiments with low, medium, and high spatial frequency gratings having a mean luminance of 14,500 photons 1 ·m Ϫ2 ·s Ϫ1 (2,320 R*cone Ϫ1 ·s Ϫ1 ). While there was no difference in the coupling signal observed in central and proximal cells at any spatial frequency (Fig. 5C2) , there was a clear difference in the magnitude of amacrine cell input received at low spatial frequencies (Fig. 5C1) , with central cells receiving nearly twice as much as proximal cells (P ϭ 0.0003, Tukey's post hoc test). This difference was not an effect of the slice preparation, which although severing some amacrine cell input to central and proximal cells, it does so uniformly among each class of CBC such that the relative magnitude of amacrine cell input is not altered. The difference was also not an effect of the somatal recording electrode being electrotonically nearer the axon terminal, and amacrine cell input site, of central vs. proximal ON CBCs. Indeed, the output of central ON CBCs, measured as excitatory current in centrally ramifying ON ganglion cells, was influenced more by amacrine cell inhibition than was the output of proximal ON CBCs (Fig. 5D , P ϭ 0.045, Tukey's post hoc test). Overall, amacrine cell-mediated inhibitory currents appeared to be the source of the strong suppression of voltage responses observed in central ON CBCs and their dichotomy with proximal ON CBCs (see Fig. 2B ).
To confirm this notion, we pharmacologically blocked amacrine cell input to central ON CBCs with the expectation that suppression of voltage responses would be relieved. Antagonists to GABA receptors (150 M bicuculline and 150 M TPMPA) and glycine receptors (1.5 M strychnine) were puffed onto central ON CBC axon terminals during sinusoidal grating stimulation (Fig. 5E ). Antagonist concentrations were approximately threefold higher than commonly used for bath application (Eggers et al. 2007 ) to account for dilution caused by puffing into the flowing extracellular recording solution. Indeed suppression of voltage responses was relieved by antagonist puffs (P ϭ 0.01, n ϭ 3, Tukey's post hoc test), confirming amacrine cells drive central ON CBC spatial frequency encoding to differ from that of proximal ON CBCs. B: examples of recordings with highly (B1), moderately (B2), and weakly (B3) pronounced amacrine cell L-IPSCs. Raw signals (gray) were fit with a summation wave (thick black) consisting of a half-rectified sawtooth (dotted black) and sinusoid (thin black, at times partially or fully occluded), representing amacrine cell L-IPSCs and electrical coupling, respectively. Adjacent to each fit are Fourier spectra indicating fits (black) reliably captured the frequency makeup of all signals (gray). The temporal frequency of stimulation was 4 Hz in all cases. C: central ON CBCs (n ϭ 20) displayed a stronger L-IPSC component than proximal ON CBCs (n ϭ 15) (C1). There was no difference in the electrical coupling component between central and proximal cells at any spatial frequency (C2). Sample traces appear between the summary bar graphs. For clarity, arrows and arrowheads point to exemplar coupling and amacrine cell signals, respectively. D: low spatial frequency stimuli were used to evoke L-EPSCs from central and proximal ON ganglion cells (GCs) in the absence or presence of a bath-applied GABA and glycine receptor antagonist cocktail (50 M bicuculline, 50 M TPMPA, and 0.5 M strychnine). The antagonist cocktail enhanced L-EPSCs in central (P ϭ 0.045, Tukey's post hoc test), but not proximal, ON GCs, suggesting amacrine cell inhibition more strongly influences central ON CBC output to GCs. Normalization was to the control condition, whose average, unnormalized amplitude for central (n ϭ 4) and proximal (n ϭ 3) ON GCs was 14.12 Ϯ 4.87 and 9.05 Ϯ 2.40 pA, respectively. Sample traces for all conditions appear below corresponding regions of the summary bar graph. E: L-PSPs of central ON CBCs (n ϭ 3) were measured in the absence or presence of a GABA and glycine receptor antagonist cocktail (150 M bicuculline, 150 M TPMPA, and 1.5 M strychnine) puffed onto their axon terminals. The antagonist cocktail blocked the suppression observed for low relative to medium spatial frequency responses in both control and wash conditions (P ϭ 0.0045 and 0.0049, respectively, Tukey's post hoc test). Normalization was to the medium spatial frequency control condition, whose average, unnormalized amplitude was 3.69 Ϯ 0.43 mV. Sample traces from the low spatial frequency condition appear adjacent to the summary bar graph. For A-E: *P Ͻ 0.05, ***P Ͻ 0.005, ****P Ͻ 0.001.
The dichotomy in ON CBC spatial frequency encoding becomes less pronounced in bright light. The spatial encoding properties and inputs of central and proximal ON CBCs have been examined up to this point using stimuli with mean luminance in the dim photopic range (14,500 photons 1 ·m Ϫ2 ·s Ϫ1 or 2,320 R*cone Ϫ1 ·s Ϫ1 ). While informative, the retina is normally subject to a wide range of lighting conditions, which are known to induce adaptational changes both at the single cell and circuit level (Xin and Bloomfield 1999; Bloomfield and Volgyi 2004; Ichinose and Lukasiewicz 2007 (Fig. 6A) . Proximal ON CBCs exhibited no large-stimulus suppression in dim light, as described in Fig.  2B . However, suppression increased significantly in bright light (P ϭ 0.006, n ϭ 8, Tukey's post hoc test). These results were not due to systematic run-up or run-down of ON CBC responses in bright light as excitatory currents, a sensitive gauge of such effects, displayed no amplitude change in the face of bright light stimulation over a time course many-fold longer than that used in the above experiment ( Fig. 6B , P Ͼ 0.05, n ϭ 5, repeated-measures ANOVA). Thus bright conditions tuned proximal ON CBCs to small stimulus sizes.
In contrast to proximal ON CBCs, central ON CBCs displayed suppression of voltage responses that was unchanged on average in bright light relative to dim (Fig. 6A , P Ͼ 0.05, n ϭ 8, Tukey's post hoc test). While the mean degree of suppression was unchanged by increased ambient illumination, there was a notable variability among cells: some had strong increases in suppression, others strong decreases, and still others had little change. To more accurately describe the effect of luminance on spatial responses, we examined each cell's bright light suppression as a function of its dim light suppression (Fig. 6C1) . When this was done, a clear pattern was evident: cells with weak suppression in dim light, typically proximal ON CBCs, developed stronger suppression in bright light; conversely, cells with strong suppression in dim light, typically central ON CBCs, developed weaker suppression in bright light (Pearson's r ϭ Ϫ0.86, P ϭ 0.000019, n ϭ 16). Bright light seemed thus to have the overall effect of diminishing the spatial encoding dichotomy present in dim light, driving ON CBCs toward a common level of suppression.
Bright light's modulation of amacrine cell input explains luminance-dependent spatial frequency encoding changes in ON CBCs. In Fig. 5 , we showed that differences in amacrine cell input account for the differences in spatial tuning among ON CBCs in dim photopic light. We examined whether these amacrine cell inputs were modulated by bright light in a manner that explained bright light's effect upon ON CBC spatial frequency encoding (Fig. 6C2) , a notion deemed plausible given prior evidence of luminance affecting amacrine cell signaling (Ichinose and Lukasiewicz 2005 ). Namely, inhibitory currents that were weak in dim light became stronger in bright light; conversely, inhibitory currents that were strong in dim light became weaker in bright light (Pearson's r ϭ Ϫ0.64, P ϭ 0.048, n ϭ 10). There thus appeared to be a correlative link between amacrine cell input and suppression of voltage responses in both dim and bright conditions. Specifically, ON CBCs with strong amacrine cell input in dim light displayed strong suppression, which diminished somewhat in bright light due to weakening amacrine cell input. These were typically central ON CBCs. Conversely, ON CBCs with weak amacrine cell input in dim light displayed weak suppression, which strengthened in bright light due to strengthening amacrine cell input. These were typically proximal ON CBCs. Modulation of amacrine cell input by bright light thus appeared to underlie the observation of ON CBC suppression levels converging toward a common value in bright light. Response amplitudes displayed no significant change over time (P Ͼ 0.05, repeated-measures ANOVA). Open circles correspond to individual data points from sampled cells (n ϭ 5). Normalization was to the average amplitude across all trials, determined for each cell. C1: change of an ON CBC suppression index in bright light was negatively correlated with its value in dim light (Pearson's r ϭ Ϫ0.86, P ϭ 0.000019, n ϭ 16). Arrows denote data points corresponding to cells whose raw traces are shown in A. C2: ON CBCs (central, n ϭ 5; proximal n ϭ 5) were voltage clamped at E cation to isolate amacrine cell input and stimulated with dim and bright low spatial frequency gratings. Bright light values of amacrine cell input were negatively correlated with dim light values (Pearson's r ϭ Ϫ0.64, P ϭ 0.048, n ϭ 10). Sample traces appear adjacent to the plot. For clarity, arrowheads point out exemplar amacrine cell signals within the raw traces. D1: ON CBCs (central, n ϭ 9; proximal n ϭ 5) were voltage clamped at E Cl to measure cone ϩ horizontal cell input, and stimulated with dim and bright low spatial frequency gratings. Bright light values of cone ϩ horizontal input displayed no dependence on dim light values (Pearson's r ϭ Ϫ0.19, P Ͼ 0.05, n ϭ 14). Sample traces appear adjacent to the plot. D2: ON CBCs (central, n ϭ 6; proximal n ϭ 7) were voltage clamped at E Cl in the presence of HEPES to isolate cone input, and stimulated with dim and bright low spatial frequency gratings. Bright light values of cone input displayed no dependence on dim light values (Pearson's r ϭ Ϫ0.12, P Ͼ 0.05, n ϭ 13). Sample traces appear adjacent to the plot. D3: summary of L-EPSCs evoked in ON CBCs voltage clamped at E Cl by dim and bright low spatial frequency gratings. Control, HEPES, and subtraction conditions represent cone ϩ horizontal, cone, and horizontal cell input, respectively. Horizontal cell input increased in bright light to a value significantly greater than zero in both central and proximal ON CBCs (P ϭ 0.017 and 0.035, respectively, t-test). For A-D: *P Ͻ 0.05, **P Ͻ 0.01.
Horizontal cell and cone inputs increase in bright light but do not explain luminance-dependent spatial frequency encoding changes in ON CBCs.
Amacrine cell input to ON CBCs exhibited luminance-dependent alterations that explained bright light's effect upon ON CBC spatial frequency encoding. We next assessed whether the same was true of horizontal cell and/or cone inputs.
ON CBCs were voltage clamped at E Cl to null chloridemediated amacrine cell inhibition and render horizontal cells the sole inhibitory influence upon ON CBCs (Fig.  6D1) . Responses in bright light showed no dependence on their value in dim light, suggesting horizontal cell input did not underlie the suppression of voltage responses, which itself did show such a dependence (Pearson's r ϭ Ϫ0.12, P Ͼ 0.05, n ϭ 13). Cone input, isolated when horizontal cell input was blocked with HEPES, also did not show dependence on its value in dim light, suggesting that it too did not underlie the observed pattern of voltage response sup-pression (Fig. 6D2 , Pearson's r ϭ Ϫ0.19, P Ͼ 0.05, n ϭ 14).
Horizontal cell input, measured as HEPES-sensitive current, did increase with luminance to a value significantly greater than zero (Fig. 6D3) , a result in line with other reports (Thibos and Werblin 1978; Siminoff 1985; Ichinose and Lukasiewicz 2005) . Cone input also demonstrated a general, albeit nonsignificant ( Fig. 6D3, P Ͼ 0.05, paired t-test) , increase with luminance, agreeing with prior reports of nitric oxide signaling boosting cone function in the light-adapted retina (Sato et al. 2011) . Overall, increased horizontal cell input in bright light appeared to offset increased cone input in bright light, maintaining outer retinal excitation at a steady magnitude across dim and bright conditions, but this could not explain the luminance-dependent spatial frequency encoding changes observed in ON CBCs.
DISCUSSION
Here, we show that spatial frequency encoding differs among ON CBCs. Under dim photopic conditions, we find that ON CBCs with axons ramifying in the central inner plexiform layer are tuned to preferentially encode small stimulus sizes. In contrast, ON CBCs with axons ramifying in the proximal inner plexiform layer have a broader stimulus preference, efficiently encoding both small and large stimuli. This divergence in tuning is attributed to amacrine cell input, which is stronger in central ON CBCs than proximal ON CBCs. It is not driven by horizontal cell input, which is equally weak in both populations of ON CBCs. Under brighter light conditions, the spatial tuning dichotomy among central and proximal ON CBCs is greatly reduced. Cells encoding large and small stimuli shift to prefer small stimuli, while cells encoding small stimuli shift to prefer both small and large stimuli, such that ON CBCs converge toward a common tuning. Altered amacrine cell input to ON CBCs underlies these light-dependent spatial tuning changes.
Parallel representation of spatial information among ON CBCs. The retina extracts features from the visual world and processes them in parallel (Wassle 2004; Masland 2012) . This process begins at the very first synapse of the retina, where single cone photoreceptors provide input to numerous morphologic types of CBCs (Ghosh et al. 2004; Wassle et al. 2009; Helmstaedter et al. 2013) . Parallel channels are thus established for processing visual input and conveying it to the inner retina. Examples of parallel processing include distinct CBCs that respond to either light increments or decrements (Wu et al. 2000) , transient or sustained light stimuli (Awatramani and Slaughter 2000; DeVries et al. 2006; Baden et al. 2013; Ichinose et al. 2014) , or chromatically distinct light (Breuninger et al. 2011) .
The spatial frequency encoding differences observed here among ON CBCs are a novel example of parallel processing in the retina. Central ON CBCs preferentially encoded small relative to large stimuli. By contrast, proximal ON CBCs encoded small and large stimuli equivalently. It is interesting to speculate that in dim photopic conditions the retina dedicates only a subset of cells to encoding small stimuli or detail, as this task may not be expedient in dim conditions; other cells are meanwhile left to encode a broader range of stimulus sizes, as detecting any stimulus, regardless of size, is vital under dim conditions. In the mouse, there are multiple ganglion cell types ramifying in the central or proximal inner plexiform layer that may receive spatial information encoded by central and proximal ON CBCs, respectively (Sun et al. 2002; Kong et al. 2005; Coombs et al. 2006; Volgyi et al. 2009 ). That spatial information encoded by ON CBCs is preserved in ON ganglion cells is suggested by the existence of a spatial tuning dichotomy among rabbit central and proximal ON ganglion cells (Roska and Werblin 2001) , analogous to that of central and proximal ON CBCs observed here. Further nuance is added by recent connectome work showing that ganglion cells ramifying in similar inner plexiform layer lamina receive input from different morphologic types of ON CBCs (Helmstaedter et al. 2013 ). This implies an even finer parallel representation of spatial information may be established among ganglion cells should the numerous morphologic types of ON CBCs (Ghosh et al. 2004; Wassle et al. 2009; Helmstaedter et al. 2013 ) encode slightly different spatial information to be fed forward to ganglion cells. This is suggested by the data here, as there is some degree of within-group variability of central and proximal ON CBC spatial tuning, perhaps representing subtly unique tuning among the morphologic types of ON CBCs comprising each group (central: types 5 and XBC; proximal: types 6, 7, and 8). Further studies will be enlightening.
Finally, it is interesting to consider how the spatial frequency encoding properties of ON CBCs may be influenced by their temporal encoding properties. ON CBCs differ in their ability to encode transient and sustained stimuli (Awatramani and Slaughter 2000) , produce all-or-none spikes (Baden et al. 2013) , and act as band-pass temporal filters (Ichinose et al. 2014) . In general, it seems likely that an ON CBC presented a stimulus with nonpreferred temporal properties would have reduced response amplitude, but the same overall pattern of spatial tuning. By this logic, it may be that different morphologic types of ON CBCs, and their associated spatial tuning, would dominate depending on the temporal frequency of a given stimulus, adding to the richness of retinal parallel processing. Here, too, further studies will be enlightening.
Amacrine cell input drives spatial frequency encoding differences in ON CBCs in dim conditions. The spatial tuning dichotomy observed among central and proximal ON CBCs in dim photopic light is attributable to these cells receiving differential amacrine cell input. This difference may derive from central and proximal ON CBCs possessing different complements of GABA receptors (Euler and Wassle 1998) and/or being differentially innervated by the morphologically diverse population of amacrine cells, namely the wide-field amacrine cells of the inner plexiform layer ON sublamina, likeliest to mediate surround inhibition (MacNeil and Masland 1998; MacNeil et al. 1999) .
In contrast, horizontal cell and cone inputs were equivalent among central and proximal ON CBCs. This result is understandable given that the medium-wavelength-sensitive ON CBCs examined here receive input almost exclusively from a single, M-opsin expressing, class of cone (Applebury et al. 2000; Haverkamp et al. 2005; Breuninger et al. 2011; ) and a single class of horizontal cell (Peichl and Gonzalez-Soriano 1994) at common invaginating triad synapses (Vardi and Morigiwa 1997) .
The finding that ON CBCs received little to no horizontal cell input agrees with previous results suggesting horizontal cells exert little influence on ganglion cells under the dim photopic light conditions examined here (Cook and McReynolds 1998; Taylor 1999; Ichinose and Lukasiewicz 2005) . Since ganglion cells readout inputs from bipolar cells (Roska et al. 2006) , this strongly suggests horizontal cells do not significantly affect CBCs in these luminance conditions. It seems unlikely that the observed small horizontal cell influence upon ON CBCs is a result of attributing to amacrine cells GABAergic input that may actually have come from horizontal cells. While there is ultrastructural evidence of horizontal cell-to-CBC GABAergic transmission , ample evidence suggests it does not play a significant role in generating surround inhibition. First, rodent horizontal cells express GABA and its synthetic enzyme glutamic acid decarboxylase only briefly during postnatal development but not at maturity Dkhissi et al. 2001 ; but see Herrmann et al. 2011) . Also, retinal stimulation elicits no Cl current in axotomized CBCs, suggesting GABAergic input comes exclusively from amacrine cells (Hartveit 1997; Euler and Masland 2000) . Furthermore, spontaneous IPSCs observed in ON CBCs derive from the inner, not outer, plexiform layer (Schubert et al. 2008) . Finally, ON CBCs lack requisitely high intracellular Cl concentrations to allow light-evoked reductions in horizontal cell GABA release to induce hyperpolarization in them (Satoh et al. 2001; Billups and Attwell 2002) .
Like cone and horizontal cell inputs, electrical coupling inputs were similar among central and proximal ON CBCs. Consistent with prior studies (Barrio et al. 1997) , they were prominently observed only in the E cation recording condition, being much smaller in the E Cl recording condition with magnitudes only a fraction that of cone input (ϳ10% or 0.4 pA). Overall, amacrine cell input drove the spatial processing dichotomy among central and proximal ON CBCs, not horizontal cell, cone, or electrical coupling input.
The dichotomy in ON CBC spatial frequency encoding is diminished in bright light. Previous reports suggest that increased luminance exerts a homogenizing influence upon retinal cell populations with divergent physiology. For example, increased light makes spontaneous inhibitory input more similar among two morphologic subpopulations of OFF CBCs (Mazade and Eggers 2013 ) and temporal encoding properties more similar among ON and OFF ganglion cells (Pandarinath et al. 2010) . We report here an additional example of the homogenizing influence of increased illumination, with spatial tuning in central and proximal ON CBCs becoming less divergent under bright photopic conditions. Specifically, there was a shift to prefer small stimuli among cells otherwise encoding both small and large stimuli, typically proximal ON CBCs, and a shift to prefer both small and large stimuli among cells otherwise encoding small stimuli, typically central ON CBCs.
It is easy to speculate why ON CBCs lacking a small stimulus preference in dim light should develop one in bright light. One possibility is that this represents an ON CBC subpopulation shifting to preferentially encode detail, an understandable and advantageous adaptation under bright light conditions. However, why ON CBCs preferring small stimuli in dim light should have this preference diminished in bright light is not as apparent. One possibility is that having a subpopulation of ON CBCs with a strong small stimulus preference may be expedient in dim conditions when the tuning of half of ON CBCs makes them unsuited to distinguishing small from large stimuli, but it may be computationally and/or metabolically beneficial to possess less of a small stimulus preference in bright light when the other half of ON CBCs are available to share in the task of small stimulus detection. For example, a potential computational benefit of ON CBCs weakening their small stimulus preference would be to more evenly balance their roles in encoding spatial (Schwartz 1974) and temporal (Awatramani and Slaughter 2000; DeVries et al. 2006; Baden et al. 2013; Ichinose et al. 2014 ) features of visual stimuli; were preference for a narrow range of small stimuli to remain in place, the latter would be hindered due to low signal-to-noise ratio.
Bright light modulates amacrine cell input explaining changes in spatial frequency encoding. The observed alteration of ON CBC spatial tuning by bright light was attributable to changes in amacrine cell input. We consider this modulation of amacrine cell input an example of network adaptation. Network adaptation refers to changes in retinal physiology that occur downstream of photoreceptors (Green et al. 1975; Xin and Bloomfield 1999; Bloomfield and Völgyi 2004; Ichinose and Lukasiewicz 2007) . Light-induced release of dopamine and nitric oxide from special classes of amacrine cells is thought to drive the physiology changes associated with network adaptation (Dacey 1988; Pang et al. 2010) . Examining how these substances may produce the effects on amacrine cell input observed here is beyond the scope of this work but could involve modulation of amacrine cell excitability (Yu and Eldred 2005) and/or ON CBC GABA receptor function (Wellis and Werblin 1995; Wexler et al. 1998 ).
Our findings demonstrate a dichotomous representation of spatial information among central and proximal ON CBCs arising from their receipt of differential amacrine cell inhibition. CBCs thus appear to process spatial information in parallel, along with luminance (Wu et al. 2000) , timing (Awatramani and Slaughter 2000; DeVries et al. 2006; Baden et al. 2013; Ichinose et al. 2014) , and color information (Breuninger et al. 2011) . The spatial encoding dichotomy described here is also dynamic, changing with ambient light. This highlights the ability of ON CBCs, and more broadly the retina, to adapt function based on existing lighting conditions. The findings described here stand to gain much nuance through examination of OFF CBCs and/or individual morphologic types of CBCs.
